Background. Lower cognitive functioning in early childhood has been proposed as a risk factor for depression in later life but its association with depressive symptoms during adolescence has rarely been investigated. Our study examines the relationship between total intelligence quotient (IQ) score at age 8 years, and depressive symptoms at 11, 13, 14 and 17 years.
Introduction
A large number of population-based cohort studies suggests that poor cognitive performance in childhood and early adulthood precedes depression (van Os et al. 1997 ; Zammit et al. 2004 ; Hatch et al. 2007 ; Koenen et al. 2009 ) and adverse mental health outcomes (Gunnell et al. 2002 (Gunnell et al. , 2005 Batty et al. 2005 ; Mortensen et al. 2005 ; Woodberry et al. 2008) . Cognition may act as an indicator of ' system integrity ' of the nervous system (Whalley & Deary, 2001) and cognitive reserve, a construct relating to intelligence (Scarmeas & Stern, 2003) and more recently brain structure and functionality (Barnett et al. 2006) , has been suggested as a mechanism that may underlie the association between early cognitive ability and later mental health outcome.
Cognitive and depression-related central nervous processes might be linked through hypothalamopituitary-adrenal (HPA) axis functions (Sapolsky et al. 1986 ; Lupien et al. 2009 ) as early adversity, a risk factor for depression (Goodman & Brand, 2009 ), may via a dysregulation of the HPA axis affect complex cognitive processing and depressive symptomatology (Sapolsky et al. 1986 ; Lupien et al. 2009 ). Indeed, brain regions that are related to cognitive processes, such as the hippocampal formation, the amygdala and the prefrontal cortex, are highly sensitive to stress hormones and show structural and functional changes in response to stress and during long-term depressive illness (McEwen, 2005 ; Romeo & McEwen, 2006) .
Although the association of early cognitive ability with depression in adulthood has been studied in a number of cohorts, little is known about this relationship in adolescence. Evidence relies so far on findings from a national British birth cohort born in 1946 (van Os et al. 1997) , where an inverse relationship between cognitive ability at 8, 11 and 15 years and affective disturbance at 13 or 15 years was reported.
Puberty demarcates the transition from childhood into adulthood and is accompanied by rapid changes in biological, cognitive and social factors (Conger & Galambos, 1996) : HPA and hypathalamo-pituitarygonadal axis functions are reshaped during puberty (McCormick & Mathews, 2007 ; Lupien et al. 2009 ), brain regions implicated in stress reactivity and emotionality mature during adolescence (Romeo & McEwen, 2006) and there is increased ability for more abstract, multidimensional, planned and hypothetical thinking (Keating, 2004 ; Steinberg, 2005) . Puberty, however, is also a period of increased vulnerability and adjustment (Caspi & Moffitt, 1991) , as adolescents may experience transitional stress due to new psychological adaptations and an accumulation of stressful events (e.g. Rudolph & Hammen, 1999) , but also stress related to disparities between their chronological age, social age and biological maturation (e.g. ' early maturation ' hypothesis ; Peterson & Taylor, 1980) . Thus, it is plausible that pubertal maturation may affect the relationship between early cognitive processes and later depressive symptomatology. It is therefore important to take a developmental perspective when studying this time in life, especially as puberty has been associated with an increased risk of affective symptoms (Angold et al. 1998) .
Our study seeks to investigate the association between childhood cognitive ability, as measured through intelligence quotient (IQ) scores, and depressive symptomatology in adolescence by studying members of the Avon Longitudinal Study of Parents and Children (ALSPAC).
The specific aims of the study were :
(1) To investigate the association of childhood IQ score at age 8 years with depressive symptoms at 11, 13, 14 and 17 years. (2) To study the relationship between IQ score and depressive symptoms according to pubertal maturation.
Method

Study samples : sample description
All pregnant women in the Bristol area (UK) with an expected delivery between April 1991 and December 1992 were approached for participation in the study, resulting in 14092 live births. A detailed description of the cohort has been published previously (Golding et al. 2001 Wechsler et al. 1992) . A short version of the test consisting of alternate items only (except the coding task) was applied by trained psychologists (Adebamowo et al. 2007) . Verbal (information, similarities, arithmetic, vocabulary, comprehension) and performance (picture completion, coding, picture arrangement, block design, object assembly) subscales were administered, the subtests scaled according to age, and scores for total IQ derived. Although there is considerable evidence that general intellectual abilities improve during the course of development (Keating, 2004) , scaled IQ scores are designed to correct for this progression, so that the rank order of individuals is potentially maintained over time (Court & Raven, 1982 ; Fry & Hale, 2000) .
Depressive symptoms
Self-reported depressive symptoms were measured with the 13-item Short Mood and Feelings Questionnaire (SMFQ ; Angold et al. 1995) , which has high reliability and validity (Angold et al. 1995) . Statements are rated on a three-point scale (0=' not true ', 1= ' sometimes true ', 2=' true '). Self-reported rather than parent-reported SMFQ scores were assessed, as parent-reported scores do not reveal depressive symptoms as early as self-reported measures (Cole et al. 2002) . In view of concerns regarding the reading and understanding ability of younger children (Thapar & McGuffin, 1998) , the questionnaire was read out by a psychologist for children at age 11 years. The psychologist was passively recording answers and was only allowed to explain the questions to the participants. For adolescents aged 13 and 14 years, the questionnaire was administered in computerized form within a clinical setting, and any difficulties arising, such as those related to understanding of the questions, could be resolved by clinic staff. At age 17 years, the questionnaire was sent out by mail.
Pubertal maturation
Pubertal stage at 11, 13 and 14 years was measured using a five-point rating scale (Tanner, 1962) . For males and females, it was assessed as the extent of pubic hair. For females, pubertal stage was also assessed as the extent of breast growth, as there is evidence that girls may experience asynchronous pubertal maturation with respect to breast bud and pubic hair development (Biro et al. 2003) . The majority of pubertal assessments were taken within 1 year after the measurement of depressive symptoms (data not shown). As depression scores are likely to rise during adolescence, this may weaken but not bias an underlying association. However, any pubertal assessment that was taken more than 1 year before the measurement of depressive symptoms was excluded from the analysis. Pubertal measures at age 17 years are not available yet.
Potential confounders
The following information was collected from mothers and their partners at 18 and 32 weeks of pregnancy :
Occupational social class. Occupational social class was derived as the lower of either maternal or paternal social class and dichotomized into ' non-manual ' (I, II, III-non-manual) and ' manual ' (III-manual, IV, V) work (Dale & Marsh, 1993) .
Maternal education. Information on maternal education was categorized into ' below O-level ', ' O-level ' and ' above O-level ' (O-levels are school tests taken approximately at age 16 years in England).
Housing tenure. Housing tenure information was classified into ' mortgaged or owned ', ' privately rented ', ' council or housing authority ' or ' other '.
Family history of psychiatric disorders. Parent-reported family history of psychiatric disorders (ALSPAC questionnaire) was coded as present, if either parents or grandparents suffered from mental disorders [' yes ' (depression, schizophrenia, other), ' no '].
Single-parent family status. Single-parent family status was given for widowed, divorced or separated mothers (' yes ', ' no ').
Data were also collected during childhood :
General mental health. General mental health based on mother report at age 8 years was assessed using the continuous total behavioural difficulties summary score of the Strength and Difficulties Questionnaire (Goodman, 1997) , which covers areas of emotional and behavioural difficulties. An adjustment for emotional and behavioural difficulties at baseline is important, in order to control for the potential influence on IQ test performance.
Psychosis-like symptoms (PLIKS)
PLIKS scores were investigated as part of a sensitivity analysis, as the previously reported association between IQ score at age 8 years and PLIKS at age 12 years (Horwood et al. 2008) raised the possibility that the association between childhood IQ and depressive symptoms in adolescence might be confounded by other pre-clinical symptoms. PLIKS scores in ALSPAC children were measured at the age of 12 years using a semi-structured interview (PLIKSi ; Horwood et al. 2008) . This consisted of 12 core questions covering the past 6-month occurrence of hallucinations, delusions and experiences of thought interference. Symptoms were rated as either not present, suspected or definitely present. Present symptoms were only included in the analysis if not attributable to sleep, fever or substance use.
Statistical methods
All analyses were carried out using R (CRAN, 2008) .
Potential confounder analysis
Sex-and age-adjusted means for measures of cognitive functioning were calculated from ordinary leastsquare regression of potential confounding variables (i.e. maternal education, parental social class, singleparent status, general mental health). Sex and age were adjusted for each other. For confounder analysis only, general mental health at age 8 years was dichotomized into problems present (' yes ' o17) or absent (' no ' <17) (Goodman, 1997) .
Association analysis
The continuous change in SMFQ scores over time was analysed as a function of Z-transformed baseline IQ, using both single-level Poisson regression models that model the data at each time point of the SMFQ assessment, and can be easily applied to multiply imputed data sets, and multi-level (mixed) Poisson regression models (lme4 library ; Bates & Maechler, 2009 ) that allow the modelling of parameters of change with respect to baseline IQ scores (Blance et al. 2005) . A Poisson distribution has been selected in accordance with previous research (Angold et al. 2002) . For all analyses, age was modelled continuously in years at SMFQ assessment.
For single-level analysis, baseline IQ estimates were corrected for sex and age at SMFQ assessment (crude models), in addition to maternal education, parental social class, housing tenure, single-parent family status, family history of psychiatric disorders and general mental health at baseline (adjusted models). Single-level Poisson models were also compared with single-level quasi-Poisson regression models that allow for an overdispersion of the data.
For multi-level analysis (crude models), the change in depressive symptoms over time was captured through age, age squared, age-sex, age-IQ, age squared-sex and age squared-IQ effects. These fixed effects were added sequentially and the improvement in model fit was confirmed using likelihood ratio tests (LRTs). Models were fitted with random intercepts and slopes for age and age squared (best model fit ; data not shown). Models were additionally adjusted for potential confounders (adjusted models, as described above) and covariates were included as fixed effects. In addition, age-general mental health and age squared-general mental health fixed effects were added to allow for a change in baseline covariate effects. Within mixed Poisson models overdispersion was captured through the variance of the random error (Gelman & Hill, 2007) .
Statistical significance of model terms in single-level and multi-level analyses was assessed using Wald tests. The statistical significance of interactions was confirmed with LRTs. In the presence of sex-specific IQ effects (single-level model : sex-IQ interaction ; multi-level model : sex-IQ, sex-age-IQ or sex-age squared-IQ interaction), the analysis was repeated for both sexes separately. Exponentiated Poisson regression estimates, exp(b), were reported as symptom count ratios (SCRs). These can be interpreted as a percentage change of the outcome for every increase in one predictor unit (Gelman & Hill, 2007) , given as (SCR-1)r100. For example, SCR=1.10 would refer to a 10 % increase in SMFQ scores per increase in 1 S.D. of IQ in our study.
The influence of pubertal maturation on the relationship between cognitive ability in childhood and depression in adolescence was studied with a similar multi-level model as described above, but replacing age at SMFQ assessment by Tanner stage. However, as a fixed effect of pubertal stage squared did not improve the model fit, this term and all associated interactions were excluded. All models were fitted with random intercepts and slopes for pubertal stage and pubertal stage squared (best model fit ; data not shown). The analysis was carried out for each sex separately.
Sensitivity analyses were performed to assess the robustness of the reported findings to the presence of missing data. Specifically, we compared single-level Poisson regression estimates in original and imputed datasets, using crude and adjusted models (see above). Imputed data (n=5250) were generated with an imputation-by-chained-equation approach (Oudshoorn et al. 1999) , which allowed for sex differences (10 multiply imputed datasets ; mice library). Imputations were also repeated for each sex separately.
As part of a further sensitivity analysis, we assessed whether PLIKS at age 12 years affected the relationship between childhood IQ and later depressive symptomatology (see above). For this, PLIKS was included as a fixed effect in an adjusted mixed Poisson model (see above).
Results
Analysis of potential confounders
Based on a sample of 2252 individuals with complete data, the median IQ at 8 years (mean age=8.6, S.D.=0.19 years) was 109 (S.D.=14.96). Lower IQ scores at baseline were more frequent in children who were older (as later attendance of the research clinic was associated with lower socio-economic status ; data not shown), who had more general mental health problems (measured as emotional and behavioural difficulties) at 8 years, who lived in single-parent families and whose parents had a lower socio-economic position including a lower maternal education, manual parental social class and council housing. There was no difference in IQ between sexes (Table 1) .
Age-related distribution of SMFQ scores
The inspection of SMFQ scores revealed a rightskewed distribution at all four measurement time points 
Age-related association between baseline IQ and SMFQ scores
Single-level analysis found an inverse relationship between IQ scores at age 8 years and SMFQ scores at age 11 years within the complete sample of ALSPAC children (see Table 2 ). Specifically, the increase in 1 S.D. of baseline IQ was associated with a 7 % decrease in SMFQ scores [SCR=0.93, 95 % confidence interval (CI) 0.92-0.95, adjusted model]. This association changed direction at ages 13 and 14 years (see Table 2 ) such that an increase in 1 S.D. of baseline IQ was associated with a 4 % (SCR=1.04, 95 % CI 1.02-1.06) and 3 % increase (SCR=1.03, 95 % CI 1.02-1.05) in SMFQ scores, respectively (adjusted model). At age 17 years, however, strong sex differences in the IQ effect were observed (sex-IQ interaction, Z=5.44, p<0.0001, adjusted model, see Table 2 ). Sex-specific analysis revealed a further change in the direction of the IQ effect in females. This manifested as a 2 % (SCR=0.98, 95 % CI 0.96-1.00, adjusted model) decrease in SMFQ scores per 1 S.D. in IQ. For males, the risk effect of baseline IQ, as observed during early adolescence, however, persisted at age 17 years as a 9 % (SCR=1.09, 95 % CI 1.06-1.13, adjusted model) increase in SMFQ scores per 1 S.D. in IQ. Similar associations were also found using imputed data (see Table 2 ), and QuasiPoisson regression models (see also Supplementary Table S1, available online). None of the observed associations with IQ score was substantially altered by adjustment (see Table 2 ). In extending the single-level models at 11, 13, 14 and 17 years, parameters of change for the relationship between IQ score at age 8 years and depressive symptoms in later life were estimated with multilevel analyses that derive trajectories of depressive symptoms over time (see Fig. 1 ). Multi-level model estimates were similar to those from single-level analyses (adjusted models only are presented, see Supplementary Table S1 ). The age-dependency of the association between IQ score at age 8 years and depressive symptoms during adolescence was reflected by an age-IQ interaction (Z=5.73, p<0.0001) and an age squared-IQ interaction (Z=-4.10, p<0.0001) within the complete sample of ALSPAC children (n=2252). The evidence for a non-linear change in the IQ effect across the modelled age range was particularly true in females (sex-age squared-IQ interaction, Z=2.67, p=0.0075, see Fig. 1 b) . As expected, there was support for age-sex (Z=-11.77, p<0.0001) and age squared-sex effects (Z=2.26, p=0.023) within the complete sample : Compared with females, males had fewer depressive symptoms during mid and late adolescence (age 13 years, SCR=0.77, 95 % CI 0.72-0.83 ; age 14 years, SCR=0.70, 95 % CI 0.65-0.75 ; age 17 years, SCR=0.58, 95 % CI 0.54-0.62), although they showed similar rates to females at age 11 years (SCR=1.02, 95 % CI 0.94-1.10).
There was no substantial alteration in multi-level model estimates after adjustment (data not shown). Quasi-Poisson multi-level models provided similar results (data not shown).
Sensitivity analysis was performed to assess whether the observed association with IQ score was confounded by PLIKS. There was no evidence for an attenuation of the observed baseline IQ effect in PLIKS-adjusted mixed models. For example, conditional IQ estimates from PLIKS-adjusted models, reported for the mean age at SMFQ assessment (age 11 years, SCR=0.94, 95 % CI 0.90-0.98 ; age 13 years, SCR=1.05, 95 % CI 1.01-1.09 ; age 14 years, SCR=1.08, 95 % CI 1.04-1.12 ; age 17 years, SCR=1.07, 95 % CI 1.03-1.11), were similar to those from PLIKSunadjusted models (see Supplementary Table S1 ).
Pubertal stage-related association between baseline IQ and SMFQ scores As part of a secondary analysis, we also studied whether the relationship between baseline IQ and depressive symptoms during adolescence was related to pubertal maturation. For this, we used the multi-level model approach but substituted age by pubertal maturation as given by Tanner score (see Table 3 ). Tanner scores were only available at 11, 13 and 14 years, and complete data were restricted to a small subsample in ALSPAC (boys : n=718, pubic hair ; girls : n=948, pubic hair ; girls : n=955, breast growth).
Consistent with the findings for age, this study found that the association of IQ scores with later depressive symptoms differed according to pubertal stage, manifesting as pubertal stage-IQ interaction in boys (pubic hair, Z=2.07, p=0.038) and girls (pubic hair, Z=3.30, p=0.00098 ; breast growth, Z=3.49, p=0.00049 ; adjusted model). For both males and females, the association changed direction between Tanner stages 1 and 5, although the effects were weaker in males (see Table 3 ). Data on pubertal maturation at age 17 years that may reveal further changes in the IQ effect are not available yet.
Discussion
This population-based study provided evidence for a complex relationship between IQ scores at age 8 years and depressive symptoms during adolescence. For both males and females, total IQ score at age 8 years was inversely related to depressive symptoms at age 11 years. The effect, however, changed over time such that higher baseline IQ was associated with higher depressive symptoms at ages 13 and 14 years. These findings were consistent with the analysis in relation to pubertal stage. At age 17 years, however, strong sex-specific differences emerged. In females, this manifested as a decline in risk effects of higher baseline IQ with a potential reversal of the effect by age 17 years. In males, the risk effect of higher baseline IQ for later depressive symptoms, however, persisted (see Fig. 1 a) .
Compared with previous research, our findings in female adolescents at age 17 years are in line with studies that observed an inverse relationship between childhood cognitive ability and self-reported continuous subclinical measures of depression in women (Hatch et al. 2007) . The observed association between higher childhood IQ scores and depressive symptoms at 13 and 14 years (and in males at 17 years) contrasts, however, with previous findings in adolescence (van Os et al. 1997) and adulthood (van Os et al. 1997 ; Zammit et al. 2004 ; Koenen et al. 2009 ) that identified lower cognitive ability as an antecedent of later affective disturbance. Depressive symptomatology in this research, however, was predominantly defined through clinical diagnoses (Zammit et al. 2004 ; Koenen et al. 2009) or fell within the upper range of a continuous spectrum (van Os et al. 1997) , and depression measures during adolescence were based on teacher-report (van Os et al. 1997) . Differences between our and other findings may therefore relate to study design and age/pubertal stage at SMFQ assessment, especially as our findings were consistent with other studies using self-reported measures (Hatch et al. 2007 ).
Strengths and limitations
Our study has several strengths, including the analysis of continuous change in depressive symptomatology as a function of baseline IQ score across time and the investigation of pubertal stage as well as age. We employed validated instruments to measure IQ score and utilized validated, repeated and self-reported measures of depressive symptoms. All regression estimates were adjusted for a wide range of potential confounding factors related to social adversity, and general mental health at baseline. Sensitivity analysis demonstrated that our findings were unrelated to the presence of non-affective subclinical symptoms during adolescence such as PLIKS. Although there was disproportionate loss to follow-up for SMFQ assessments at 17 years that were sent out as a questionnaire by mail, our results are unlikely to be affected by missing data, as they were unaltered after imputation. A limitation of the study was that SMFQ scores were only available at four different time points during adolescence (11, 13, 14 and 17 years) and it will be of interest to examine the association between IQ score and depressive symptoms as the young people get older. As the observed associations at 13 and 14 years (and in males at 17 years) contrast the cognitive reserve hypothesis, we also need to consider type I error, although this is an unlikely explanation of our data given the observed strength of the association. We were also unable to disentangle the relationship between age and pubertal stage. We provide evidence that the association with IQ changes with both variables but cannot comment on which is more important in this age group.
Explaining the association
Recent human and animal research has shown that common biological mechanisms can fundamentally differ in childhood, adolescence and adulthood (Romeo & McEwen, 2006 ; McCormick & Mathews, 2007) . Indeed, it is known that prepubertal individuals exhibit a significantly prolonged stress reaction compared with adults exposed to the same stressor and that their brain is more sensitive to the stress hormone corticosterone compared with an adult brain (Romeo & McEwen, 2006 ; McCormick & Mathews, 2007) . Individuals with a higher cognitive ability, who have better problem-solving skills and coping resources and are more stress-resilient (Smith & Carlson, 1997) , may therefore develop fewer depressive symptoms, especially during early puberty and adolescence when adult stress-management systems are not in place yet (Romeo & McEwen, 2006 ; McCormick & Mathews, 2007) . Transition into puberty has been associated with an enhanced risk of affective symptoms (Angold et al. 1998) . Furthermore, several studies documented that timing of puberty (Schambach et al. 1979 ; Galatzer et al. 1984 ; Ehrhardt & Meyer-Bahlburg, 1994 ) and age of menarche in girls (Douglas & Ross, 1964) relate to cognitive ability. Especially, an early entry into puberty has been linked to an increase in mental health problems during mid-adolescence (Kaltiala-Heino et al. 2003) . Thus, an IQ-related entry into puberty that is coupled with the onset of affective symptoms may potentially mask the underlying inverse association between early IQ and depressive symptoms. A shift in pubertal stage-specific influences due to an IQ-related entry is, however, an unlikely explanation for the observed risk effect of higher IQ scores in midadolescence, as the effect was confirmed by the analysis in relation to Tanner score. Nevertheless, an IQ-linked entry into puberty may also relate to an increase in affective symptoms through other mechanisms such as those associated with early maturation (e.g. Ge et al. 1996 Ge et al. , 2001 Graber et al. 1997 ; Hayward et al. 1997) . Compared with their age-mates, early-maturing girls in particular seem to experience higher levels of stress, especially among heterosexual friends, and have an increased vulnerability towards emotional and behavioural problems, and prior psychological distress (e.g. Ge et al. 1996 ; Hayward et al. 1997) . Some research showed that pubertal timing may also affect males such that early-maturing boys experience more externalized hostile feelings and internalized distress symptoms, compared with on-time or late-maturing age-mates (Ge et al. 2001) , although the associated problems are likely to be less severe than in girls (Graber et al. 1997) .
It could be speculated that the reappearance of the protective effect of higher childhood IQ in early adulthood, as observed for females at age 17 years, could reflect the end of pubertal development as, for example, biological stress-management systems improve during puberty. This involves the reshaping of the HPA axis to adult functionality, allowing for a more quickly terminated stress response due to the maturation of negative feedback systems, and the pubertal maturation of brain regions which are involved in stress reactivity and emotionality such as the hippocampal formation, the amygdala and the prefrontal cortex (Romeo & McEwen, 2006 ; McCormick & Mathews, 2007) . Findings from genetic research (Kendler et al. 2008) further support the idea that there is heterogeneity among risk factors for childhood, adolescent and early adulthood depression. Finally, it could be hypothesized that the absence of a reversal in IQ effect in males at age 17 years, such as that observed for females, may reflect a delay in pubertal development, as males finish some aspects of pubertal development later than females (Archibald et al. 2008) .
In conclusion, this study provided evidence that the association between cognitive ability in childhood and depressive symptoms in adolescence varies according to age and/or pubertal stage. This implies differences in the aetiologies underlying depressive symptomatology during adolescence.
